All grass species contain ferulates esterifi ed to arabinoxylan in the cell wall (Harris et al., 1997) . These ferulate esters appear to act as nucleation sites where lignin polymerization begins by free-radical reactions of monolignols with the ferulate esters to form covalent cross-links . As a result, lignin is bound to cell wall polysaccharides via ferulate cross-links. Of the various linkage types in these ferulate-to-lignin cross-links, only 4-O-etherifi ed ferulate is amenable to routine quantifi cation (Iiyama et al., 1990) , resulting in underestimation of total ferulate cell wall cross-linking. It was proposed that ferulate cross-linking of lignin to arabinoxylan would position lignin in close physical proximity to cell wall polysaccharides, thereby causing lignin to block access of hydrolytic enzymes to their polysaccharide substrate (Jung and Ralph, 1990) . Grabber et al. (1995 Grabber et al. ( , 1996 Grabber et al. ( , 1998 demonstrated in a series of elegant in vitro experiments, by manipulating ferulate ester deposition in maize tissue culture and subsequent lignin polymerization, that reduced ferulate-mediated lignin-arabinoxylan cross-links resulted in increased enzymatic hydrolysis of maize cell wall polysaccharides. It was subsequently demonstrated that ruminal in vitro neutral detergent fi ber digestibility (IVNDFD) was negatively correlated with ferulate ether cross-link concentration in several perennial C 3 grasses (Casler and Jung, 1999, 2006) . The relative negative impact of ferulate ether concentration on IVNDFD was twice as large as observed for Klason lignin concentration in immature smooth bromegrass (Bromus inermis Leyss.) leaves (Casler and Jung, 1999) .
These observations on the central role of ferulates in lignifi cation and the impact of ferulate cross-links on cell wall degradability suggest that reduction of ferulate cross-linking should be a target for forage crop improvement. Selection for low ferulate ether concentrations would appear to be a reasonable approach to improving forage digestibility, but the demonstrated positive correlation of ferulate ether concentration with neutral detergent fi ber (NDF) concentration in perennial grasses (Casler et al., 2008) is worrisome because agronomic fi tness was shown to be positively correlated with NDF concentration in smooth bromegrass and reed canarygrass (Phalaris arundinacea L.) (Casler, 2005; Surprenant et al., 1988) . Because ferulates are part of the cell wall and accumulate during secondary wall development in grasses such as maize (Jung, 2003) , a positive correlation of ferulates with cell wall concentration is expected in normal plant material. A specifi c mutation that disrupts ferulate deposition in the cell wall may be needed to break this association. Neither the enzymes nor any genes involved in biosynthesis of feruloylarabinoxylan have been identifi ed to date.
Because formation of ferulate-to-lignin cross-links is a free-radical reaction that is essentially beyond enzymatic control , whereas feruloylarabinoxylan synthesis is thought to occur in the Golgi (Meyer et al., 1991; Myton and Fry, 1994) , regulation of ferulate ester biosynthesis is probably a more appropriate target for genetic modifi cation than formation of the actual cross links to lignin. We initiated a transposon-based mutation project to create a tagged mutant with reduced ferulate ester biosynthesis in maize. Our hypothesis was that a reduction in ferulate ester concentration would provide fewer sites for lignin-arabinoxylan cross-linking through ferulates. As a result of reduced cross-linking, we expected that cell wall degradability would be improved. Here we report phenotypic data for plant morphology, biomass yield, and cell wall composition and in vitro rumen degradability of the putative seedling ferulate ester (sfe) mutant in maize.
MATERIALS AND METHODS

Plant Material
Near-isogenic lines of the putative sfe maize mutant were compared with the parental inbred W23. The near-isogenic sfe lines were all derived from a single putative mutant plant identifi ed in 1995 that had a 50% reduction of ferulate ester concentration in seedling leaf tissue compared with the mean of ~12,000 individuals screened from four transposon-mutagenized populations. The source populations were created by crossing the b 3 -mum9 mutator line (Chomet, 1994) , containing multiple copies of the Mu transposon, with four inbreds, selfi ng the F 1 progeny of these crosses, and evaluating ferulate ester concentration of the resultant progeny. A total of 380 plants were identifi ed with low or high ferulate ester concentrations in seedling leaves relative to the overall mean; however, only 140 of these plants survived to maturity and set self-pollinated seed. Ferulate ester concentration of the mature leaf tissue from these 140 plants was subsequently determined and the 10 plants having the lowest ferulate ester concentration were identifi ed. In a subsequent greenhouse evaluation, the selfed progeny from 2 of the 10 low ferulate plants exhibited the low ferulate phenotype of the original parent; both putative mutants were from the W23 × b 3 -mum9 population.
The near-isogenic sfe mutant lines were developed by crossing selfed progeny seed of the two original putative mutants to W23, making a second backcross (BC) to W23, and then selfi ng the resulting BC 2 progeny. These BC 2 selfed progeny were evaluated for seedling leaf ferulate ester concentrations. During this segregation test of selfed BC 2 progeny, one of the two original mutants was discarded because it did not exhibit a low ferulate ester phenotype compared with inbred W23. For the remaining putative mutant, two additional generations of backcrossing to W23 (BC 3 and BC 4 ) were done using the selfed BC 2 progeny plants that had the lowest ferulate ester concentrations in the segregation test. The resulting 38 BC 4 lines were selfed and the progeny tested for ferulate ester concentrations. For lines that segregated for low ferulate ester concentration, compared with W23, 10 to 15 of the lowest seedling ferulate ester concentration plants were selfed and progeny seed from these lines was bulked to create four BC 4 near-isogenic lines for evaluation of the sfe mutant phenotype in the current study. Additionally, BC 5 lines were created by backcrossing the same low ferulate plants of the BC 4 lines to W23.
Field Trial
Nine lines (W23; sfe lines M04-2, -4, -13, and -21; and BC 5 lines M04-2bx, -4bx, -13bx, and -21bx) were evaluated in a replicated esterifi ed p-coumarates, NDF, acid detergent lignin (ADL), and 24-and 96-h in vitro rumen degradability of cell wall polysaccharides and IVNDFD by the methods described below. Final NIRS prediction equations were developed using the NIRS WINISI III Upgrade 1.61 software program "Develop Equations" routine. This routine uses the modifi ed partial least squares regression option and two passes to eliminate outliers (Shenk and Westerhaus, 1991) . Outlier samples were identifi ed as those samples with a residual between wet chemistry and NIRS prediction results that had a t test of >1.8 times the standard error of calibration. Visible wavelengths (400-1099 nm) were eliminated in prediction equation development. The 1, 4, 4, 1 math treatment (fi rst derivative, gap over which derivative was calculated, number of data points used in fi rst smoothing, and second smoothing where one equals no smoothing; respectively) was used for all equation development. The NIRS calibration statistics are shown in Table 1 St. Paul) . The immature and mature plant samples were hand-separated into leaf blade, sheath, and stem fractions. The total ear fraction (grain, cob, husk, and shank) was also collected for the mature plants. All samples were dried at 60°C and weighed before grinding through a 6-mm screen in a cuttingtype mill, mixed, and subsampled, followed by grinding to pass 1-mm screen in cyclone-type mill.
Sample Analysis
All seedling leaf samples were analyzed by wet chemistry whereas near-infrared refl ectance spectroscopy (NIRS) calibrations were developed for prediction of composition and in vitro rumen degradability data of the immature and mature leaf blade, sheath, and stem samples. Immature and mature maize leaf blade, sheath, and stem samples were scanned on a Foss Model 6500 scanning monochrometer (Foss North America Inc., Eden Prairie, MN) with a range of 1100 to 2500 nm. A sample set for NIRS calibration development was selected based on both experimental design and spectral characteristics. Fifty-four samples were selected by stratifi ed random sampling to include equal representation of all maize lines, years, locations, maturity stages, and plant parts. An additional 38 samples were selected for NIRS spectral diversity using the Intrasoft International (ISI, Port Matilda, PA) NIRS WINISI III Upgrade 1.61 software program "Select Samples from a Spectra File" routine. These 92 calibration samples were analyzed for cell wall polysaccharide components (glucose, xylose, arabinose, galactose, mannose, rhamnose, fucose, and total uronic acids), Klason lignin, monolignol composition, ester-and ether-linked ferulates, and degradability data for leaf blade, sheath, and stem samples were predicted using the NIRS calibration equations.
Cell Wall Composition
Seedling leaf samples were analyzed for ferulate ester concentration using the same method developed for screening the original transposon-mutagenized populations and used throughout the development of the near-isogenic sfe lines. The seedling leaf samples were dried at 50°C and a 2-to 2.5-cm segment from the lower portion of each leaf was removed for ferulate ester analysis. The leaf segments were weighed and then manually crushed in a folded sheet of waxed weighing paper until particle size was <5 mm. Samples were then transferred to 2-mL microcentrifuge tubes. One milliliter of 2 M NaOH containing 10 mM of mercaptoethanol was added to each microcentrifuge tube. Tubes were swirled to ensure leaf samples were wetted and then incubated at 39°C for 20 to 24 h. After incubation, 0.36 mL of 6 M HCl was added and samples were vortexed. Tubes were placed in a refrigerator for 2 h to allow settling of particulate matter and then centrifuged at 9660 × g for 12 min. A 1-mL aliquot was removed from the tubes and stored at 4°C until analyzed by high pressure liquid chromatography, which was done within 4 d of sample extraction. Ferulic and p-coumaric acids released by the alkaline extraction were analyzed with an Agilent 1100 high pressure chromatography system (Agilent Technologies, Wilmington, DE) fi tted with a diode array detector and a Spherisorb-ODS2, C 18 , 5-μm column (Waters Corp. Millford, MA). Samples (20 μl) were eluded with a 97.7:0.3:2.0 (v/v) water, glacial acetic acid, and butanol solvent for 12.5 min, followed by a methanol wash of the column, at a fl ow rate of 2.25 mL min -1
. Ferulic and p-coumaric acids were detected at 320 nm and quantifi ed using the external calibration method. The analysis of individual seedling leaf samples was not replicated. Concentrations of seedling leaf ferulate esters were calculated on a 50°C dry matter (DM) basis.
Cell wall polysaccharide components and Klason lignin were determined by the Uppsala Dietary Fiber Method (Theander et al., 1995) . After preparation of a starch-free, alcohol-insoluble residue the samples were solublized in 12 M sulfuric acid at 30°C for 1 h with periodic stirring using a glass rod, followed by dilution with water to 0.3 M sulfuric acid and heating in an autoclave at 121°C for 1 h to hydrolyze the cell wall polysaccharides. The insoluble Klason lignin residue was recovered by fi ltration and neutral sugar residues (glucose, xylose, arabinose, mannose, galactose, rhamnose, and fucose) in the fi ltrate were quantifi ed by gas chromatography as alditol acetate derivatives (Theander et al., 1995) . Inositol was used as an internal standard to correct for volume variation. Neutral sugar data were converted to an anhydro-sugar basis. Total uronic acids were measured by colorimetry in aliquots of the 0.3 M sulfuric acid solution sampled before heating, using glucuronic acid as the reference standard (Ahmed and Labavitch, 1977) . The insoluble Klason lignin residue was corrected for ash content by combustion in a muffl e furnace for 6 h at 450°C.
Total (ester-and ether-linked) ferulates in the cell wall were extracted with 4 M NaOH for 2 h at 170°C from starch-free, alcohol-insoluble residues (Iiyama et al., 1990) . Ester-linked ferulates and p-coumarates were extracted from similar starch-free, alcohol-insoluble residues with 2 M NaOH at 39°C for 24 h (Jung and Shalita-Jones, 1990) . Alkaline extracts were acidifi ed to pH 1.5 to 1.6 with concentrated phosphoric acid. The acidifi ed extract was fi ltered through a 0.2-μm fi lter, loaded on a C 18 solid-phase extraction column, ferulic and p-coumaric acids were eluded in 50% (v/v) methanol, and extract solutions stored at −20°C until analyzed. High-pressure liquid chromatography analysis of the methanol solutions used the same column and elution solvent as described above for the seedling leaf analysis; however, fl ow rate was reduced to 1.8 mL min -1 and the elution solvent was pumped for 15 min before a methanol wash of the column ( Jung and Shalita-Jones, 1990 ). Ether-linked ferulates were calculated as the diff erence between total and ester-linked ferulic acid concentrations of each sample (Iiyama et al., 1990) .
Monolignol composition of maize lignin was determined by pyrolysis-gas chromatography-mass spectral analysis as described by Ralph and Hatfi eld (1991) . The syringyl-to-guaiacyl monolignol ratio of lignin was calculated using data normalized for the guaiacol yield from each sample (Jung and Buxton, 1994) .
Total cell wall concentration was estimated as the sum of cell wall neutral sugar residues, total uronic acids, and Klason lignin. Ferulate and p-coumarate components of the cell wall were not included in the calculation of total cell wall concentration to avoid biasing the cell wall concentration estimates due to any reduction in hydroxycinnamates associated with the sfe mutation.
Neutral detergent fi ber and ADL were determined in the sequential mode (Van Soest et al., 1991) using the Ankom fi lter bag (Ankom Technology Corp., Fairport, NY) method (Vogel et al., 1999) and sulfuric acid for ADL determination. Heatstable amylase was used in determination of NDF, but Na 2 SO 3 was omitted.
All cell wall composition and detergent fi ber data for immature and mature plant parts were corrected to a 100°C DM basis.
Degradability
In vitro rumen degradability of cell wall polysaccharides (total and individual sugar residues) and IVNDFD were determined as described earlier ( Jung and Buxton, 1994; Jung and Lamb, 2003) . The maize plant part samples were incubated with a 20:80 (v/v) mixture of rumen fl uid and McDougall's buff er (McDougall, 1948) at 39°C for 24 and 96 h. The rumen fl uid was collected approximately 3 h postfeeding from a fi stulated, lactating Holstein cow fed a total mixed ration including alfalfa (Medicago sativa L.) hay, maize silage, and a concentrate mixture.
For determination of in vitro degradability of cell wall polysaccharides, incubations were conducted in 50-mL disposable centrifuge tubes with screw caps. Samples were incubated in a water bath with periodic agitation. At the conclusion of incubations, the entire contents of the centrifuge tubes were frozen at −20°C and lyophilized before analysis of the residues for remaining cell wall polysaccharide components as described earlier. Amount of cell wall polysaccharide material added to the incubations with the rumen fl uid inoculum was determined by incubating centrifuge tubes containing only the rumen fl uid:buff er inoculum. Degradability of total cell wall polysaccharides (sum of all monosaccharide residues) and individual components were calculated.
For the measurement of IVNDFD, samples were placed in Ankom fi lter bags (Ankom Technology Corp., Fairport, NY) and incubated in an Ankom Daisy oven for 24 and 96 h. After the incubations were complete, residues in the fi lter bags were extracted with neutral detergent solution as described above. Filter bags with added glass fi ber were used as blanks to correct for indigestible NDF entering the bags from the rumen fl uid inoculum.
Statistical Analysis
Data were analyzed as a randomized complete block design with four replicates by analysis of variance. Seedling leaf and immature and mature maize stover fractions were analyzed separately. Treatments were arranged in a split-plot design with year, location, and the year × location interaction as whole plot parameters. Inbred line and all interactions with year and location were included in the subplot. Whole plot parameters were tested for signifi cance using mean squares for the replicate × year × location interaction, while subplot parameters were tested using the residual mean squares. Three orthogonal contrasts were tested: sfe lines vs. W23; sfe lines vs. BC 5 lines; and W23 vs. BC 5 lines. All computations were done using the SAS 9.1 PROC GLM program (SAS Institute, Cary, NC).
RESULTS
Almost every trait measured exhibited signifi cant eff ects due to environment (year and/or location). Temperature profi les were similar in 2005 and 2006, but the Rosemount location was marginally warmer both years ( Fig. 1) . Precipitation was lower during most of the 2006 growing season; however, August 2006 had substantially more rainfall than the same period in 2005 (Fig. 1) . Rosemount also had greater precipitation overall. Many traits also had signifi cant maize line by environment interactions. However, the following data presentation is primarily limited to the orthogonal contrasts for main eff ects among the sfe, BC 5 , and W23 maize lines because most of the line × environment interactions were due to minor shifts in ranking among the nine individual lines among environments rather than overall changes for the sfe, BC 5 , and W23 line comparisons. Results for line × environment interactions are only discussed for those traits where contrasts between sfe, BC 5 , and W23 lines diff ered among environments.
Plant Morphology and Biomass Yield
The sfe mutant lines did not exhibit an obvious visual phenotype; however, the sfe mutation had signifi cant impact on quantitative plant morphology measurements. As a group, the sfe lines were 3.8% taller (188 vs. 181 cm) and had a 7.0% larger internode cross-sectional area (298 vs. 278 mm 2 ) than W23 after tasseling, but internode number did not diff er. The BC 5 lines were 2.5% taller than the sfe lines but 4.4% smaller in internode area, although still greater in cross-sectional area than W23. Number of internodes was also slightly greater for the BC 5 lines than the sfe lines and W23 (12.3, 12.1, and 12.1 internodes, respectively).
Individual plant yields of total biomass and various plant parts diff ered among maize lines (Fig. 2) . Total biomass yield of the immature maize was 13.5% greater for the sfe lines than W23, and BC 5 lines were 7.2% higher in yield than the sfe lines. Yield of all immature plant parts was greater for the sfe and BC 5 lines than W23, but only stem yield was higher for BC 5 compared with the sfe lines. While environment did not have a major impact on diff erences among the three line contrasts for immature maize plant yield, line contrasts for mature plant yield of total biomass and plant parts were impacted by environment. Total yield of silage stage W23 and the sfe lines was similar in 2005 at Rosemount and 2006 at St. Paul, but the sfe lines yielded more biomass than W23 for the other two year × location combinations (data not shown). The BC 5 lines yielded more biomass than the sfe lines in 2005 at Rosemount and 2006 at St. Paul and were similar for the other two year × location combinations. The overall eff ect was 8.1% greater yield at silage stage maturity of the sfe lines than W23 and 11.6% more yield for BC 5 lines than the sfe lines (Fig. 2 ). Leaf blade yields followed the same year × location patterns as did total silage stage yield. Sheath yield was similar for all line contrasts in 2005 at Rosemount but the sfe lines yielded more sheath tissue than W23 for all other year × location combinations. The BC 5 lines yielded less than the sfe lines in two year × location combinations and more in 2006 at St. Paul. Ranking of the line contrasts for ear yield was quite variable across year × location combinations, but overall the BC 5 lines yielded more than both the W23 and sfe lines, which did not diff er (Fig. 2) . Yield of mature stem material was 38.8 and 12.6% greater for the sfe lines than W23 and BC 5 lines, respectively, and did not interact with environment.
Ferulates
Leaf blades of seedling maize averaged 1.41 g of ferulate esters kg -1 DM, increased to 3.29 g kg -1 DM at the immature sampling date, and then declined 2.34 g kg -1
DM at silage maturity (Table 2 ). In contrast, concentrations of ferulate esters increased between the immature to mature samples for both sheath and stem material. Concentrations of ferulate ethers followed the same plant part patterns between immature and mature samples as observed for esters.
As expected based on the original mutant selection criterion, seedling leaf ferulate ester concentration was lower for the sfe lines than W23; however, the reduction was only 8.8% rather than the 50% reduction observed in the original mutagenized nursery (Table 2) . It should be noted that the 50% ferulate ester reduction of the original mutant was relative to the mutagenized nursery mean rather than W23, and there was more variability in maturity of seedling leaves sampled from the larger screening nursery than occurred in the current evaluation trial. The BC 5 lines had higher seedling leaf ferulate ester concentrations than the sfe lines, but less than W23.
Concentrations of ferulate esters in immature sheath and stem of sfe lines were not diff erent from W23; however, immature leaf blades of the sfe lines actually had a 4.0% higher concentration of ferulate esters (Table 2 ). In contrast, ferulate ester concentrations were lower for mature sheath (−2.2%) and stem (−13.4%), but similar for mature leaf blade, in sfe lines compared with W23. The BC 5 lines did not diff er from W23 in ferulate ester concentrations except for immature sheath, which actually had more ferulate esters than either the sfe or the W23 lines. Immature leaf blades and stems had similar ferulate ether concentrations among all lines but lower ferulate ether concentrations for sheaths (−5.8%) of sfe lines than W23 with BC 5 lines being intermediate. However, at the silage maturity stage, the sfe lines had less ferulate ethers than W23 for all plant parts (−14.7, −13.1, and −29.7% for leaf blades, sheaths, and stems, respectively). The BC 5 lines were also generally lower than W23.
Cell Wall Concentration and Polysaccharide Components
Concentrations of total cell wall material and NDF increased between the immature and mature sheath and stem samples but declined for leaf blades (Table 3) . Total cell wall concentration was greater for immature leaf blades and stem samples of the sfe lines than W23, with sheath tissue not diff ering among these lines (Table 3 ). In contrast, mature plant parts had consistently lower cell wall concentrations for the sfe lines than for W23. The BC 5 lines were generally more similar to W23 than to the sfe lines for cell wall concentration. Neutral detergent fi ber concentration was similar between the sfe lines and W23 for leaf blade and immature sheath, but the sfe lines had lower NDF concentration in mature sheath and both maturity stages of stem (Table 3) . As observed for cell wall concentration, NDF concentration of BC 5 lines was more similar to W23 than to the sfe lines. Concentration estimates for total cell wall material and NDF were similar for all maize line by plant part combinations.
All maize lines had similar patterns of abundance for the major cell wall polysaccharide components (glucose > xylose > arabinose and uronic acids). The relative abundance of arabinose and uronic acid components in the cell wall in seedling (S), immature (IM), and mature (M) plant parts of the maize  inbred W23, four near-isogenic lines of the putative seedling ferulate ester (sfe) mutant, and backcross lines W23 × sfe lines M 0 4 -2 b x 5 5 9 5 4 9 5 9 6 6 7 6 4 6 9 6 2 4 5 9 0 5 6 7 5 8 2 6 6 3 4 6 9 6 1 7 varied among plant parts and plant maturity (Tables 4 and  5 ). Concentrations of all the major cell wall polysaccharide component sugars (Supplementary Table S1 ) were higher for the sfe lines than for W23 in immature leaf blades and stem. Only glucose and uronic acids had higher concentrations in immature sheath of sfe lines compared with W23. The BC 5 lines were generally intermediate to the sfe and W23 lines for cell wall sugar concentrations in immature plant parts, or overlapped one or the other of these lines. While concentrations of cell wall polysaccharide components were higher for the immature sfe lines, the results for mature plant parts were quite diff erent (Table 4) . Xylose and arabinose concentrations were lower in mature leaf blade, sheath, and stem of the sfe lines relative to W23 (Table 4 ). Glucose and uronic acid concentrations were also lower for mature stem of the sfe lines than W23, but similar for leaf blade and sheath. Cell wall polysaccharide component sugar concentrations were not diff erent for the BC 5 lines compared with W23 except for xylose and arabinose of sheath.
--------------------------------g kg -1 dry matter -------------------------------
Lignifi cation
For all three plant parts, Klason lignin concentration increased from the immature to the mature stover samples (Table 5 ).
The same results were observed for sheath and stem ADL concentrations; however, leaf blade ADL concentration did not change between the two maturity stages. While the Klason lignin concentration estimates were substantially higher than the ADL estimates for the same samples, the impact of the sfe mutation on lignin concentration followed a similar pattern when measured by these two procedures ( The syringyl-to-guaiacyl monolignol ratio increased markedly between the immature and mature stover samples for all plant parts as expected (Table 6 ). At silage maturity, sheath material had the lowest ratio, and the ratio was highest for stem. While all lines exhibited these general trends in lignin composition, the sfe mutation impacted the monolignol ratio in an inconsistent manner in comparison to W23. The syringyl-to-guaiacyl monolignol ratio was lower in all immature plant parts of the sfe lines compared with W23 (Table 6 ). However, the syringyl-to-guaiacyl monolignol ratio declined, was similar, and increased for mature leaf blade, sheath, and stem, respectively, of the sfe lines relative to W23. The BC 5 lines were intermediate for monolignol composition to the sfe and W23 lines.
Concentrations of leaf and sheath p-coumarate esters increased only marginally between the immature and 
In Vitro Degradability
Degradability of total cell wall polysaccharides followed expected trends where the longer incubation time resulted in greater degradation for both maturity stages, but more mature maize stover was always less degradable than immature material of the same plant part (Table  7) . Stem was generally the least-degradable plant part at both maturity stages, and stem exhibited a larger decline in degradability due to maturity. The same patterns for incubation time, maturity, and plant part were evident in the IVNDFD data (Table 8) .
Total cell wall polysaccharide degradability was greater in the sfe lines than W23 after 24-and 96-h in vitro rumen incubations for both maturity stages and all plant parts (Table  7) . The increase in degradability was less for immature than for mature stover (1.0 to 2.4% and 2.8 to 8.0%, respectively) and greater for 24-than 96-h degradability (4.2 and 2.1%, respectively). The relative increase in total cell wall polysaccharide degradability of the sfe lines compared with W23 was similar for all plant parts and both maturity stages after a 96-h incubation; however, while immature plant parts were similar in their improved 24-h degradability, the mature plant parts diff ered in response (6.6, 8.0, and 4.3% increased degradability of leaf blade, sheath, and stem, respectively). In vitro rumen NDF digestibility was also greater for the sfe lines than for W23 for all plant parts and maturity stages, averaging a 5.6% increase overall; with the exception of immature stem, which did not diff er (Table 8) . As observed for cell wall polysaccharide degradability, IVNDFD increased more in the sfe lines relative to W23 for mature than immature stover and for the 24-h incubation time compared with 96 h. There was variability among plant parts, depending on maturity stage, in their ranking for improved IVNDFD of sfe lines compared with W23. Total cell wall polysaccharide degradability and IVNDFD of the BC 5 lines were often greater than W23, but usually less than the sfe lines.
Degradability of the major monosaccharide components of the cell wall polysaccharides followed most of the patterns observed for degradability of total cell wall polysaccharides and IVNDFD. For almost every monosaccharide, the sfe lines were more degradable than W23 in both immature and mature plant parts and both in vitro incubation times (Tables 9 and 10, Supplementary Tables  S2 and S3 ). The few cases in which the sfe mutant lines were not signifi cantly more degradable than W23 included In vitro rumen degradability of total cell wall polysaccharides after 24-and 96-h incubations of immature (IM) and  mature (M) plant parts of the maize inbred W23, four near-isogenic lines of the putative seedling ferulate ester (sfe) 24-h glucose degradability from immature stem (Supplementary Table S2 ), 96-h degradability of uronic acids of leaf blade and stem from immature maize stover (Supplementary Table S3 ), and 96-h xylose degradability of mature stem (Table 10) ; however, in each of these cases the mean numeric value for the sfe lines was greater than for W23. Overall, the level of monosaccharide degradability increase for the sfe lines compared with W23 was similar across all three plant parts. The improvements in monosaccharide degradability were greater for mature than for immature stover and for the 24-h incubation than at 96-h. Monosaccharide degradabilities of the BC 5 lines were usually less than the sfe lines but greater than W23 except for stem material, which was usually not diff erent for BC 5 lines and W23. Among the diff erent cell wall polysaccharide components, there was a pattern of greater increases in degradability of arabinose residues in the sfe lines than W23 compared with the observed response for other monosaccharides, and xylose degradability was marginally greater than glucose. The preceding data presentation focuses on main eff ects; however, environment × maize line interactions were observed for several measures of degradability. While most of the environment × maize line interactions noted for cell wall polysaccharide degradability and IVNDFD were due to only small shifts in magnitude and ranking among all nine lines evaluated-rather than for the specifi c contrasts of interest-there were two interactions for degradability of monosaccharides that impacted contrasts among sfe, BC 5 , and W23 lines. Across both years, 96-h glucose degradability of immature leaf blades was ranked sfe lines > BC 5 lines > W23 at the Rosemount location, but the lines did not diff er at St. Paul. For immature stems, 24-h xylose degradability ranking of the lines was sfe > BC 5 = W23 at St. Paul with no diff erences observed at Rosemount.
DISCUSSION Altered Ferulate Deposition
The data for mature stover of the sfe mutant lines supported our hypothesis that a reduction in ferulate ester biosynthesis would result in a decrease in lignin-arabinoxylan crosslinking by ferulates. The putative sfe mutant deposited less ferulate esters in seedling leaves, although the reduction was relatively small in magnitude. A reduction in ferulate esters was also observed at silage maturity; however, the results at the immature sampling date were variable. Because only a fraction of ferulate esters become involved in lignin-arabinoxylan cross-links as grass tissues mature and begin to lignify Morrison et al., 1998; Scobbie et al., 1993) , concentration measurements of ferulate esters at the immature stage were impacted by ongoing cross-link formation. By the silage stage of development, virtually all tissues should have reached maximal ferulate deposition and incorporation into cross-links to lignin (Jung, 2003) . In vitro rumen digestibility of neutral detergent fi ber after 24-and 96-h incubations of immature (IM) and mature (M)  plant parts of the maize inbred W23, four near-isogenic lines of the putative seedling ferulate ester (sfe) mutant, and The impact of the sfe mutation was larger on ferulate ether cross-links of stem material (−30%) than observed for seedling ferulate ester concentration (−9%), with the magnitude of ferulate ether reductions in leaf blades (−15%) and sheath (−13%) being more similar to the degree of seedling leaf ferulate ester reduction. This is the fi rst report of a possible mutation that specifi cally reduces ferulate ester biosynthesis and subsequent cross-link formation. The brown midrib-3 (bm3) mutation in maize reduces lignin concentration (Cherney, 1990; Cherney et al., 1991) . It is known that the bm3 mutation involves the caff eic acid O-methyltransferase gene in the lignin precursor pathway (Vignols et al., 1995) . This mutation may also impact ferulic acid biosynthesis as the pathway for ferulic acid synthesis includes this methylation step (Humphreys and Chapple, 2002; Nair et al., 2004) . The bm3 mutation was reported to reduce ferulate ester concentration in leaf blades at the silking stage of development; however, ester concentrations were greater in sheath and stem of bm3 maize (Goto et al., 1994) . Ferulate ether concentrations were lower in bm3 maize for all three plant parts, with the reduction being greater in sheath and stem than leaf blades, which is similar to the sfe mutant results. The impact of the bm3 mutation on ferulate ethers was much greater for all plant parts (−26 to −62%) than observed for the same plant parts over all sfe mutant lines (−13 to −30%); however, the bm3 mutation also reduced Klason lignin and ADL concentrations to a greater extent than observed for the sfe mutant (−10 to −12% for Klason lignin and −26 to −56% for ADL of bm3 vs. −2 to −12% for Klason lignin and 0 to −15% for ADL of sfe). These larger changes in lignin concentration due to the bm3 mutation may substantially alter ferulate ester incorporation into cross-links to lignin as ethers because of the large reduction in monolignol supply to initiate lignin polymerization. How much of the diff erence in magnitude of response for the bm3 vs. sfe mutants maybe due to the diff erent genetic backgrounds of the maize and maturity stages used in the two studies is unknown.
Selection experiments have been performed in perennial grasses for divergent concentrations of ferulate ethers. Casler and Jung (1999) identifi ed smooth bromegrass plants with low and high concentrations of ferulate ethers in leaf tissue of vegetative stage plants. At this vegetative stage of development, the low ferulate ether selection group clones had a mean reduction in cross-linking of −9%, and there was a positive correlation (r = 0.50) of ferulate ester and ether concentrations in these plants. Klason lignin and ADL concentrations were not correlated with ferulates in this immature leaf tissue study (Casler and Jung, 1999) . In a subsequent study, Casler et al. (2008) selected low and high ferulate ether smooth bromegrass, orchardgrass (Dactylis glomerata L.), and reed canarygrass plants based on vegetative stage leaf samples. Across four maturity stage harvests, from vegetative through anthesis, whole herbage ferulate ether concentrations were Table 9 . In vitro rumen degradability of cell wall polysaccharide component sugars after 24-h incubation of mature plant parts of the maize inbred W23, four near-isogenic lines of the putative seedling ferulate ester (sfe) mutant, and backcross lines of the sfe mutant lines to W23. Data are means across two growth years at Rosemount and St. Paul, MN.
Line
Leaf blade Sheath Stem 10% lower in the low ferulate ether selection groups of all three grasses, but ferulate esters were not diff erent (reed canarygrass) or 3% higher (smooth bromegrass and orchardgrass) in the low ferulate ether selection groups. Klason lignin concentration in whole herbage, averaged across four maturity stages, was lower in the low ferulate ether selection group for orchardgrass and reed canarygrass, but unchanged for smooth bromegrass (Casler et al., 2008 ). It appears from these two studies that the relationship between lignin and ferulate cross-link concentrations varies among grass species. The sfe maize mutant behaved more like reed canarygrass and orchardgrass than smooth bromegrass. The reduced ferulate ester concentration of seedling leaves and resultant decrease in ferulate cross-linking at silage maturity for the sfe mutant could have occurred via a number of possible mechanisms. A reduction in total cell wall concentration was observed for silage maturity sfe lines, which could account for reduced ferulates on a DM basis without altering ferulate metabolism directly because ferulates are deposited during both primary and secondary cell wall deposition ( Jung, 2003) . However, ferulate ether concentration was also lower on a cell wall basis (data not shown), indicating deposition of ferulates was reduced relatively more severely than other wall components. The molar ratio of total ferulates to arabinose did not diff er for the sfe lines compared with W23 (data not shown), suggesting that the acylation reaction of arabinoxylan with ferulic acid had not been impacted by the putative sfe mutation. The arabinose-to-xylose molar ratio was also not impacted by the sfe mutation, indicating that the reduction in ferulates was not simply due to fewer arabinose units as potential acylation sites. In total, the most likely alteration in the sfe mutant was impaired biosynthesis of the entire feruloylarabinoxylan complex rather than disruption of only one element of the complex.
The preceding conclusion suggests that either a regulatory gene for biosynthesis of the entire feruloylarabinoxylan complex was mutated or the sfe mutation reduced supply of one component of feruloylarabinoxylan and this deficit resulted in negative feedback such that biosynthesis of the other feruloylarabinoxylan polymer components was proportionally reduced. The latter possibility is supported by a preliminary report that transgenic downregulation of two cytostolic aldehyde dehydrogenases in maize resulted in a 50% reduction of stalk ferulic acid concentration and an equal reduction in glucuronarabinoxylan concentration (Nair et al., 2007) . Nair et al. (2004) previously showed that ferulate ester concentration of Arabidopsis cell walls was reduced when a homologous aldehyde dehydrogenase was transgenically downregulated. This enzyme is believed to be directly involved in ferulic acid biosynthesis. reported that primary cell walls that developed in a maize culture system that included an inhibitor of phenylalanine biosynthesis also had reduced ferulate, arabinose, and xylose concentrations, but no change in uronics. While the sfe mutant did not exhibit a consistent reduction in uronic acid concentrations among maize stover fractions, cell wall arabinose and xylose concentrations were reduced similarly to the reduction observed for total ferulates. We had hypothesized that a reduction in ferulate ethers at silage maturity in the sfe mutant would be due to fewer ferulate esters where lignin cross-links could form. The data support this hypothesis; however, an alternative explanation cannot be defi nitively excluded. Because a small reduction in lignin concentration was observed, the reduced ferulate ether concentrations could have resulted from a reduction in monolignol supply for lignin polymerization. Fewer monolignols could result in the formation of fewer linkages to ferulate esters, thereby reducing the concentration of ferulate ethers. But it is not obvious how selection for a low ferulate ester phenotype in seedling leaves, before extensive lignifi cation, would result in identifi cation of a mutation that reduced monolignol supply. Also, formation of fewer ether cross-links should have increased ferulate ester concentration if ferulate ester deposition was not impacted, a result that was not observed.
Unfortunately, our analytical protocol for ferulates did not allow quantifi cation of diferulates or higher oligomers of ferulates. These ferulate oligomers form via free-radical reactions of monomeric ferulate esters . Diferulates cross-link arabinoxylan polymers and also can form additional linkages to lignin, thereby cross-linking lignin to arabinoxylan as is the case for ferulate monomers. Because ferulate esters must be in relatively close physical proximity to form diferulate complexes (Hatfi eld and Ralph, 1999) , a reduction in monomeric ferulate esters should reduce the opportunity for formation of such oligomers. We expect that diferulates were also reduced by the sfe mutation but as yet do not have data to test this hypothesis.
Impact on Other Plant Characteristics
Data for other developmental traits indicate that the sfe mutation had limited impacts beyond feruloylarabinoxylan deposition. The plant morphology and biomass yield data suggest that the sfe and BC 5 lines exhibited some heterosis for plant growth relative to W23. This result was not unexpected given the fact that the sfe lines were not completely isogenic with W23. It appears that the sfe mutant does not suff er a yield reduction as observed with the bm3 maize mutant (Cherney, 1990 ) and yield of stover may actually be increased for the sfe mutant, particularly stem material. Greater impact of the sfe mutation on stems was observed for most cell wall traits at silage maturity. Concentration of cell wall material and NDF were depressed more in stems than in leaf blades and sheaths and was a refl ection of the larger reductions of the major cell wall components (glucose, xylose, and lignin) by the sfe mutation in stem material. We assume that stems were especially responsive because of the thick-walled and heavily lignifi ed tissues of the rind ; however, sheath actually contained more cell wall and NDF than stem in the current study. Apparently, the greater ferulate content of stem compared with leaf blade and sheath accounted for the greater impact of the sfe mutation in stem.
An exception to the pattern of stem being more responsive to the sfe mutation was for lignin composition. The syringyl content of lignin increased with maturity in all plant parts, as has been observed previously Morrison et al., 1998) . However, at silage stage, the three plant parts all behaved diff erently relative to W23 for syringyl-to-guaiacyl ratio. Stem for the sfe mutant had higher syringyl content than W23, which was unexpected for two reasons. First, syringyl content of lignin is greater in more mature tissues and is positively correlated with lignin concentration (Jung and Deetz, 1993) . But lignin concentration of sfe lines declined the most in stem. Second, syringyl-toguaiacyl monolignol ratio and p-coumarate esters concentration have a very strong positive correlation Morrison et al., 1998) because p-coumarate esters are primarily attached to syringyl units in lignin (Ralph et al., 1994) . Stem of the sfe lines instead had the largest reduction in p-coumarate ester concentration. Sheath tissue had no change in monolignol ratio even though lignin and p-coumarate esters declined. Only leaf blades showed the pattern that would have been expected: declines in lignin, syringylto-guaiacyl monolignol ratio, and p-coumarate esters. Why the sfe mutation would alter the normal pattern relationships of lignin concentration and composition is unknown.
Improved Degradability
The hypothesis that a reduction in ferulate cross-linking, as measured by ferulate ether concentration, would result in greater in vitro rumen cell wall degradability was supported by data for the putative sfe maize mutant. Total cell wall polysaccharide degradability and IVNDFD were uniformly greater in all plant parts and both maturity stages of sfe stover compared with the parental inbred. The improvement in IVNDFD agrees with previous data for perennial grasses selected for reduced ferulate ethers (Casler and Jung, 1999, 2006; Casler et al., 2008) . The sfe maize stover plant parts harvested at both immature and mature stages of development always exhibited a greater increase in IVNDFD and total cell wall polysaccharide degradability for 24-h than for 96-h incubations compared with W23. In contrast, Casler and Jung (1999) had reported that 24-h IVNDFD was not altered by selection for low ferulate ethers in vegetative stage smooth bromegrass, whereas 96-h IVNDFD was increased in low ferulate ether populations. This divergent response between incubation times was in contrast to a greater increase in 24-than 96-h IVNDFD of both smooth bromegrass and orchardgrass herbage for low ferulate ether populations harvested from vegetative to anthesis maturity stages (Casler et al., 2008) . In the latter study, reed canarygrass had similar increases in 24-and 96-h IVNDFD for low ferulate ether populations. Clearly, there is interspecifi c variation in IVNDFD response to altered ferulate cross-linking, although the reason for this variation is unknown.
It should be noted that the absolute mean increase (g kg -1 ) in 24-h cell wall polysaccharide degradability and IVNDFD for the sfe lines compared with W23 was equal to or marginally greater than for 96-h incubations. This implies that the impact of the sfe mutation on degradability was limited to the more rapidly degradable cell wall material in the maize stover. Whether this more degradable cell wall material represents a few specifi c tissues or the most recently deposited secondary wall layer is unknown; however, the latter possibility may be the more likely mechanism. All maize tissues (with the exception of phloem in both leaves and stems, and mesophyll in leaves) undergo secondary wall development and lignifi cation during maturation Wilson, 1993) . Lignin is deposited in both primary and secondary wall layers of plant cells, resulting in a lignin concentration gradient from highest in primary wall to least in the most recently deposited secondary wall Terashima et al., 1993) . Ferulate deposition appears to follow a similar pattern (Jung, 2003; Jung and Casler, 2006) . And it is known that rumen bacterial degradation of lignifi ed cell walls only occurs from the lumen side of the wall, which is the most recently deposited wall layer (Engels, 1989; Wilson, 1993) . Because we observed the apparent impact of the sfe mutation on more rapidly degradable cell wall material for both the less-lignifi ed immature and more-lignifi ed mature stover samples, it is more probable that this rapidly degradable maize cell wall material was the more recently deposited layers of most tissues rather than an eff ect on only a few specifi c tissues.
The assumed mechanism for limited cell wall polysaccharide degradability is physical interference by lignin of enzyme access to polysaccharides ( Jung and Deetz, 1993) . The direct linkage of ferulates to arabinose units of xylans may be expected to result in a greater improvement in the degradability of arabinoxylan due to a decrease in ferulate cross-linking in the sfe mutant than degradation of cellulose, to which ferulates have no linkage. We observed only a minor tendency toward this pattern. The more generalized impact of the sfe mutation on cell wall polysaccharide degradation is probably a refl ection of individual lignin polymers interfering with enzyme access to the entire intertwined cell wall polysaccharide matrix in the immediate vicinity of each lignin macromolecule. While the sfe mutation interferes with ferulate deposition and cross-link formation, we believe that it is actually the alterations in lignifi cation that occur because of the presence of fewer ferulates for initiation of lignin deposition that are responsible for the improved cell wall degradability. The specifi c nature of such alterations in lignin deposition that result from fewer ferulates are as yet unknown.
CONCLUSIONS
The putative sfe maize mutant was shown to contain lower concentrations of ferulate esters in seedling leaves. As predicted, this decrease in ferulate ester deposition in very immature leaves resulted in a decrease in ferulate ether cross-links at the silage maturity stage. Total cell wall concentration was slightly reduced by the sfe mutation due to reductions in arabinoxylan and lignin deposition. Because molar ratios of total ferulates to arabinose and arabinose to xylose were not altered, the mutation appeared to alter biosynthesis of the entire feruloylarabinoxylan complex rather than only causing a disruption of ferulate ester synthesis per se. Unlike the low lignin bm3 maize mutant, there was no indication of reduced yield in the sfe mutant, and perhaps a small increase in stover yield is associated with the mutation. In vitro rumen degradability of cell wall polysaccharides was improved by the sfe mutation as expected with reduced ferulate cross linking. The putative sfe mutant was identifi ed in a transposon mutated maize population, which may allow rapid identifi cation of the impacted gene and its utilization for maize improvement.
